I. INTRODUCTION
Fast proton transport ͑PT͒ between donor and acceptor atoms is of paramount importance in many aspects of chemistry and biology. Applications are diverse and include many technological developments such as hydrogen fuel cells, electrochromic displays, gas/humidity sensors, and electrochemical reactors. 1 Awareness of the fundamental properties of complex PT mechanisms is also central to our evolving understanding of biological processes. In nature all reactions that convert energy from one form into another are mediated by PT, which also serves as a vital route to achieve cell pH stabilization. 2 The basic mechanism of PT is highly complex as it involves coupling between several different molecular vibrational modes, in addition to any other interactions which may take place within, e.g., a liquid or protein environment. The specific case of double proton transfer ͑DPT͒, to which this work is addressed, represents another layer of complexity. Recent applications of experimental and theoretical methods to model DPT systems have made considerable progress, and to a certain level of approximation the phenomenon is now understood. Experimental evidence is hard to obtain, as the observation of ultrafast vibrational dynamics requires the use of advanced methods based on multidimensional nonlinear coherent laser spectroscopies. There have been several recent studies on cyclic carboxylic acid dimers [3] [4] [5] and other simple systems, 6, 7 which have given rise to the discovery that the O-H stretching motions are coupled anharmonically to lower frequency vibrational modes, that are in turn responsible for modulating the length of the hydrogen bond. This basic structural mechanism establishes a continuum of potential energy surface ͑PES͒ shapes, from the double well at hydrogen bond lengths around 2.6 Å, to the single well around 2.4 Å. As a consequence the PT barrier height depends explicitly upon the heavy atom positions, and the transfer process cannot be understood within an adiabatic, or averaged thermal structure perspective. There have also been several theoretical reports based on cyclic formic acid dimers [8] [9] [10] [11] [12] [13] and other systems. 13, 14 In particular, Ushiyama and Takatsuka   9 set out a clear reaction mechanism based on ab initio ͑Hartree-Fock͒ chemical dynamics and Miura et al. 10 used Car-Parrinello molecular dynamics 15 ͑CPMD͒ calculations to demonstrate the impact of quantum fluctuations ͓as represented within a path integral ͑PIMD͒ formalism [16] [17] [18] ͔ upon the transfer events.
From a theoretical perspective the accurate modeling of proton transport is a challenge for three main reasons. First, bond formation and breaking events are not described by conventional molecular mechanics force fields. Second, owing to the small mass of the hydrogen atom, quantum effects such as tunneling and zero-point energy contributions can radically alter the reaction landscape. Third, the proton transfer step is a rare event; put simply, if one were to perform standard molecular dynamics ͑MD͒ calculations, prohibitively long trajectories would need to be obtained in order to provide a reasonable sampling of transfer events.
There are several different computational approaches that can be taken. In an attempt to address all three issues raised above we have opted to study DPT in a simple model system to avoid compromise on the level of calculation that can be performed. Our system of choice is the gas phase cyclic dimer formed by chloroacetic acid, the rationale being that the chloroderivative is a stronger acid than the parent compound and is therefore likely to have a faster rate of DPT. As such, the reaction should occur spontaneously with a rate that is accessible by quantum mechanical MD calculations. We have adopted the same approach as Miura et al., namely, a CPMD simulation, 15 in which the positions of the atoms evolve according to the classical equations of motion, on the basis of forces obtained directly from the instantaneous electronic structure. This is then followed with a PIMD simulation, [16] [17] [18] which explores the quantum behavior of both the nuclear and electronic degrees of freedom within the Born-Oppenheimer approximation. In essence it maps the problem of a quantum particle into one of a classical ring polymer model with beads that interact through temperature and mass-dependent spring forces. In practice, the representation of each atom in the system as group of N beads requires N electronic structure calculations, and therefore adds considerably to the computational expense. The one saving grace of the method is that the N calculations are ͑almost͒ entirely independent, and can therefore be successfully farmed out on a multiprocessor high performance computer.
While an ab initio MD simulation can be regarded as a current state-of-the-art technique, a problem arises in application to PT reactions. In these calculations, the full manyelectron Hamiltonian is typically approximated within a density functional theory ͑DFT͒ approach, 19, 20 and the resulting Kohn-Sham orbitals expanded via a plane-wave basis set. 21 Modeling the bond dissociation limit presents a particular difficulty for current exchange-correlation functionals, for they lack the nonlocal contributions essential for the accurate modeling of a bond stretched to its breaking point, resulting typically in an underestimation of PT barrier heights. 22, 23 Hybrid-DFT functionals, which include some component of the inherently nonlocal Hartree Fock ͑HF͒ exchange, tend to produce more realistic barrier heights. However, the use of such functionals requires diagonalization of the Fock matrix, which is prohibitively expensive in a plane wave representation. Although there are algorithms in development that promise to render HF theory with plane waves more tractable, they are not yet within the public domain, and so MD with hybrid functionals remains unavailable at the present time. A further problem which arises in simulations of PT is the neglect of zero-point contributions ͑ZPC͒ in classical dynamics, although the PIMD method can account for this effect at finite temperature. It is always important to be aware of the weaknesses in any modeling approach, and in this work we will attempt to quantify them.
In this paper we first present the results obtained from a series of geometry and transition state optimizations for the cyclic chloroacetic acid dimer using a localized basis set approach, where we add HF exchange in stepwise increments into the BLYP ͑Ref. 24͒ DFT functional in order to gauge the likely barrier height inaccuracies in our ab initio MD simulations. The effects of the ZPC upon the DPT reaction are also assessed. The classical MD results are presented next, followed by a discussion of the impact on the DPT event of the quantum mechanical treatment of the nuclear motion obtained within PIMD. Finally we present results obtained for the deuterated bridge analogue, to discover the effects of isotopic substitution on the reaction mechanism.
II. COMPUTATIONAL DETAILS

A. Localized basis set modeling
A series of geometry optimizations and vibrational frequency calculations were performed to characterize the key stationary points on the PES of the chloroacetic acid dimer ͑see Fig. 1͒ using the GAUSSIAN03 simulation package. 25 In addition, in an attempt to quantify the shortcomings in a pure DFT functional approach ͑as employed in our subsequent MD calculations͒ we undertook a series of calculations employing hybrid functionals containing a variable mixture of the Becke88 ͑Ref. 24͒ and Fock exchange potentials with VWN ͑Ref. 26͒ and LYP ͑Ref. 24͒ correlation, as defined by the following form:
The standard B3LYP functional is obtained by setting parameters P 1 to P 6 to values of 1.0, 0.2, 0.72, 0.8, 0.81, and 1.0, respectively. In the current work we set P 3 to P 6 to 0.9, 1.0, 0.81, and 1.0, respectively, and varied P 2 from 0 ͑yielding pure DFT exchange, i.e., the BLYP functional͒ to 1 ͑pure Fock exchange, i.e., HF+ LYP͒ in stepwise increments while maintaining the corresponding weight of DFT-based exchange, P 1 , at 1− P 2 . Standard 6-311+ + G ** basis sets were used for all atoms. The ground state was optimized in the C 1 point group with maximum ͑rms͒ force tolerances of 0.000 45 ͑0.0003͒ a.u. and maximum ͑rms͒ displacement tolerances of 0.0018 ͑0.0012͒ a.u. The DPT transition state was obtained by optimizations of identical quality within the C 2 point group, which maintained centered hydrogen bond proton positions. Zero-point contributions to ground and transition state energies were obtained from harmonic frequency analysis, which also confirmed the saddle point character of the transition state. 
B. Molecular dynamics
Calculations have been carried out using the CPMD program, 27 with the initial molecular configuration for the chloroacetic acid dimer optimized by a pre-conditioned conjugate gradients algorithm. The dimer was located in a simple cubic box of dimension 11.0 Å. Molecular dynamics and path integral simulations ͑within the nvt ensemble͒ were carried out at 450 K with a time step of 3.0 a.u., coupled to Nosé-Hoover thermostat 28, 29 chains for each vibrational degree of freedom at a characteristic frequency of 3000 cm −1 . An electronic mass parameter of 400 a.u. was employed. Electronic exchange and correlation have been modeled using the gradient-corrected functional of Perdew, Burke, and Ernzerhof ͑PBE͒. 30 Core electrons were treated using the norm-conserving atomic pseudopotentials of Troullier and Martins, 31 while valence electrons were represented in a plane-wave basis set truncated at an extended energy cutoff of 80 Ry. Two types of molecular dynamics simulation have been carried out. In the first the behavior of all atoms was treated classically ͑CPMD͒, whereas in the second the nuclei were treated as quantum particles ͑PIMD͒. 32 Following the initial equilibrium period, data were accrued over trajectories spanning 400 000 steps for the Car-Parrinello dynamics on the parent model and 200 000 steps for the deuterated-bridge model and the path integral dynamics simulation. The path integral simulation used ten beads and the normal mode variable transformation. The trajectory data were processed using the script of Kohlmeyer 33 to calculate the arithmetic average position ͑the centroid͒ of each set of polymer beads prior to visualization using the VMD program.
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III. RESULTS AND DISCUSSION
A. Localized basis set modeling
In common with other members of the carboxylic acid family, the monomer units of chloroacetic acid readily form cyclic dimers linked by a double hydrogen bond ͑see Fig. 1͒ . The two minima that exist on the PES are linked via a transition state structure with centered proton positions. The lowest energy structure corresponds to that where the chlorine atoms reside on opposite sides of the hydrogen bridge, as depicted in Fig. 1 ; twisting the terminal groups to the cis conformation resulted in a transition state just 0.3 kJ mol −1 higher in energy ͑taking the ZPC correction into account͒.
The effect of varying the Fock exchange content of the hybrid functional on the ground and transition state structures, and resulting barrier heights, is summarized in Table I . There are notable structural changes as the amount of Fock exchange ͑P 2 ͒ is increased. For the ground state structure the covalent bond O-H steadily shortens, reaching a reduction of 5.4% of the pure DFT value at P 2 = 1.0. The O¯O hydrogen bond length at first increases slightly, then steadily decreases to end up 1.4% shorter under HF+ LYP conditions. There is an abrupt decrease in the Cl-C-C-O͑H͒ torsional angle at P 2 Ͼ 0.7, but a curve of the ground state energy versus P 2 is smooth across the whole range. The transition state structure appears to be less sensitive, showing monotonic variation in bond lengths and a torsional angle that varies slightly, but remains close to 90°.
Turning now to discuss energies, we observe that as P 2 increases the barrier height also steadily increases. This supports the findings of Sadhukhan et al., 22 who demonstrated that the B3LYP functional underestimated and the HF method overestimated the barrier height of their model PT reaction. The study by Poater et al. 23 suggests that a value of P 2 = 0.5 should give a close approximation to the true barrier height, based on calculations of model gas-phase chemical reactions. We conclude therefore that the implication for an ab initio MD study is that the use of a pure DFT functional is likely to lead to an underestimation of the reaction barrier height by a factor of approximately 2 ͑see Table I͒ .
In addition to considering the deficiencies in the functional, it is also essential to consider the effect of neglecting the ZPC in an ab initio MD simulation. From Table I it is immediately apparent that this has a profound effect on the reaction barrier height. The large contribution arises from the fact that, at the transition point, it is the O-H stretching mode that becomes imaginary, and it is this mode which makes the largest contribution to the ZPC. Neglect of the ZPC therefore 
There are therefore two competing deficiencies in our ab initio classical MD simulations, which might be expected to partially cancel in a fortuitous manner. The pure DFT functional will underestimate the DPT barrier, but the neglect of the ZPC will work against this to our favor. Although these test calculations employed a different DFT functional ͑BLYP͒ to the one actually used in our MD calculations ͑PBE͒, a similar effect should hold for this functional. The net result is likely to be a barrier height of around 20 kJ mol −1 dimer −1 for the DPT reaction in the classical MD simulation. Finally, we have also considered the effect of full deuteration upon the ZPC; energy barriers are increased by a close-to-constant 6 kJ mol −1 dimer −1 across the range of P 2 values.
B. Classical dynamics
The necessary starting point for a molecular dynamics simulation is the optimized athermal geometry. This structure subsequently provides a useful reference point to assess the effects of thermal fluctuations on the molecular geometry. In particular, we observe that the average O¯O distance expands by some 0.15 Å at 450 K. Changes in the hydrogen bond internal parameters ͑as defined in Fig. 1͒ are presented in Fig. 2 . From this it is evident that there are two distinct behaviors of the system: a rest period, where each proton remains closely associated with one oxygen atom and exhibits normal O-H vibrational behavior, and an active period, where both protons quickly transfer to the other well on the PES. 35 In the classical dynamics this process can proceed only by a thermal hopping mechanism, that is, the protons must pass over the top of the barrier. In total we observed the double proton transfer event occurring eight times during the 33 ps trajectory.
The eight DPT events therefore yield sixteen individual PT incidents that can be closely examined. The following chain of events observed for the first PT event ͑see Fig. 3͒ are apparently replicated throughout the data set and is consistent with a classical proton "hopping" mechanism. 1 The first indicator that a proton hopping event will occur is a contraction in the O¯O distance to around 2.3-2.4 Å. This change in geometry is commensurate with a drop in barrier height on the PES, facilitating the movement of the proton. In nearly all incidents, the proton hop event follows approximately 10 fs later. This time interval corresponds to a frequency of around 3000 cm −1 , which most probably correlates with the O-H vibration. The driver for the proton to return to its original site is then a second contraction of the O¯O distance. The time scale from initiation of the hop to movement into the other well is around 15 fs, which finds agreement with previous studies of urea-phosphoric acid, 36 benzoylacetone, 37 and the PT events observed by Ushiyama and Takatsuka for the formic acid dimer. 9 Dreyer et al. have investigated the complex line shape of the O-H stretching band in the gas phase cyclic dimer of acetic acid through a combined coherent femtosecond IRpump-IR-probe spectroscopy and quantum mechanical modeling study. 3, 4 In particular, this work identified two modes which couple strongly to O -H, which are the hydrogen bond bending ͑␦ dimer ͒ and stretching ͑ dimer ͒ modes, at wave numbers of 145 and 170 cm −1 , respectively. Both of these low energy normal modes of vibration modulate the hydrogen bond distance strongly. For the choroderivative the harmonic vibrational frequency analysis using the BLYP functional predicts the same modes to appear at around 140 and 240 cm −1 , respectively. In an effort to determine whether these modes are implicated in our simulation, we have Fourier transformed the R1, R2 and r1, r3 distance versus time plots presented in Fig. 3 . We observe common peaks in all the resulting plots at 140 and 245 cm −1 , indicating that the motions of the O¯O and O-H bonds are correlated at these frequencies. It seems reasonable, therefore, to suggest that the basic mechanism for PT within the classical dynamics trajectories involves coupling between O -H and the low energy ␦ dimer and dimer intermolecular modes.
There are other issues pertaining to the double hydrogen bond linkage that need to be addressed, such as whether the two hydrogen atoms display synchronous or asynchronous behavior. During the rest periods, our data support an asynchronous behavior of the two bridging protons ͓i.e., as r1 increases r3 decreases, and vice versa; see Fig. 4͑a͔͒ , which finds agreement with the formic acid dimer studies of Miura et al. 10 and Ushiyama and Takatsuka. 9 During the active pe- riods Ushiyama and Takatsuka propose a two-step mechanism for DPT, that is, the two protons do not pass the midpoints of their respective hydrogen bonds at exactly the same time. We also observe this detail in our simulation and note a small time delay of just less than 10 fs ͑cf. the value of 8 fs found by Ushiyama and Takatsuka͒. The complete mechanism for DPT proposed by Ushiyama and Takatsuka is that the first proton thermally hops to the other well without large deformation of the skeleton O-C-O bonds. There then arises a small time delay while the orders of the C-O and C v O bonds on both sides of the hydrogen bond linkage switch, and the second proton is then pulled across the hydrogen bond by the increased charge on the acceptor oxygen atom. Based on the fluctuations in structural parameters obtained directly from our CPMD simulation, we conclude that our data is entirely consistent with this mechanism. Ushiyama and Takatsuka also observed an interesting ordering in the proton hopping sequence for the formic acid dimer, namely, the second transferred proton becomes the first in the next DPT event, i.e., a hopping sequence of ͑H1,H2,H2,H1,H1,H2…͒ but offered no explanation for the effect. Our data are also largely consistent with this picture, with seven of the eight DPT events conforming to this pattern. Moreover, our data suggest that it is the ordering in the contraction of the two O¯O distances that dictate which proton will be the first to transfer. This suggests that further coupling with other low energy modes must be present, as the previously identified ␦ dimer and dimer modes cause the two O¯O distances to contract in phase. Other studies have implicated interdimer rocking modes in the DPT mechanism that do induce asynchronous rO¯O behavior 4 and it is reasonable to postulate that this occurs in the current material too. We calculate the vibrational frequencies of two such intermolecular modes to appear at 165 cm −1 ͑rocking mode͒ and 202 cm −1 ͑bending mode͒ ͑BLYP/ 6-311+ + G * ͒; on our Fourier transformed R1, R2, r1, and r3 CPMD distance plots we observe correlations at 160 and 195 cm −1 , which may be an indication that these modes are involved in the classical DPT mechanism.
Although the necessary condition for DPT would seem to be a contraction in the O¯O distance, this alone is not sufficient to guarantee that the event will occur. Attempt frequencies in the low energy region of around 150-250 cm −1 corresponds to periods in the range of 0.15-0.20 ps, yielding about 200 opportunities for the DPT event within our data set. In order for just eight of those attempts to be successful the protons would have to climb a barrier height of around 14 kJ mol −1 dimer −1 , assuming an Arrhenius-type behavior of the reaction. We note in passing that this value is somewhat lower than that displayed in our test BLYP functional above ͑around 20 kJ mol −1 dimer −1 ͒. However, we observe that the O¯O distances in the MD trajectory frequently contract to a length below that observed in the localized basis set transition state structure, so the barrier overcome by the protons in the dynamical simulation may well be further reduced. 
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C. Quantum dynamics
Following the classical dynamics, we obtained trajectories from path integral calculations in which each atom was represented as a 10-bead polymer. The beads interact through temperature and mass-dependent spring forces, and the model as a whole thus allows for a part of the quantum motion of the nuclei to be included. The results are presented in Fig. 5 , where the changes in hydrogen bond internal parameters ͑based on the arithmetic average positions of the beads, i.e., the centroids͒ immediately suggest a much more dynamical and almost erratic system. This is also apparent in a histogram of O-H distances, which are plotted together for the classical and quantum dynamics for ease of comparison in Fig. 6 . In addition to observing the active DPT periods, which occur much more frequently, there are now also a small number of transient single proton transfer ͑SPT͒ events, where a proton transfers from one oxygen to the other, but almost immediately moves back. Consequently, the rest periods are much less pronounced. Due to the considerable increase in computational resources required for this method, the total trajectory was sampled for just under half the total time of the classical simulation. The DPT phenomenon was observed about 20 times within this trajectory, indicating that the two proton bead centroids crossed the midpoints of their respective hydrogen bonds approximately five times more frequently than in the classical model. From this we conclude that the free energy barrier within quantum dynamics is significantly lower than in the classical dynamics, but it is difficult to relate the number of barrier crossings to a specific rate constant. Extensions to the PIMD method, which have gone some way toward the calculation of meaningful quantum reaction rate constants, are active areas of research and have been pursued by others. For example, Geva et al. have developed centroid molecular dynamics, 38 which is based on the hypothesis that quantum effects can be incorporated into the bead centroids which in turn follow classical-like dynamics. Craig and Manolopoulos have developed the ring polymer molecular dynamics 39, 40 method, which is a generalization of PIMD to calculate the approximate Kubo-transformed real-time correlation functions. The application of these methods to obtain a meaningful quantum rate constant is an obvious future direction of this work.
The conditions established in the classical simulation for DPT are seemingly relaxed in the quantum mechanical dynamics. While the DPT events do still occur following the shortening of R1 and R2, the contraction appears to be less pronounced, with nearly all incidences occurring across O¯O distances of greater than 2.4 Å, indicating a tunneling mechanism. It is of great interest to note that there are significant differences in the heavy atom structure in the quantum dynamics. The average O¯O distance ͑measured with respect to the centroid positions of the polymer beads͒ is considerably shorter and oscillates through a narrower range of values ͓2.64͑18͒ Å PIMD vs 2.73͑24͒ Å classical͔. This compares favorably with the results of a gas electron diffraction study of the parent acetic acid dimer, which reported rO¯O at 2.680͑10͒ Å. 41 In addition, the O-H distance in the resting phase is longer by some 0.03 Å, compared with the classical result ͑see Fig. 6͒ . It is clear, therefore, that the bridging hydrogen atoms spend more time in close proximity to the barrier. This in turn implies that the frequency O-H of proton approaches to the barrier region, which manifests as the 10 fs delay for the first proton transfer in the classical trajectory, will be of reduced consequence in the quantum dynamics. This is supported by our data, where the delay was absent in nearly all DPT incidences. Indeed in a small number of cases the hydrogen atoms were observed to transfer before the O¯O contraction. The general asynchronous behavior of the two protons is maintained ͓see Fig. 4͑b͔͒ , where a direct comparison with the classical results shows a greater spread in r1, r3 ͑cen-troid͒ values. The increased occupancy at the transition state ͑r1 = r3 = around 1.2 Å͒ is also apparent. It should be noted, however, that a comparison with the similar results reported by Miura et al. ͑based on a 20-polymer-bead model͒ shows that our values vary over a narrower range, which suggest that we may not have included a sufficient number of replicas to fully capture the quantum nature of this system. Further analysis of the PIMD data set reveals other differences in the DPT mechanism as compared with the classical model, the most pertinent being that in nearly all of the observed instances the hydrogen atoms are now synchronized at the actual point of DPT, which finds agreement with the PIMD study on the formic acid dimer by Miura.
The mechanism for DPT in quantum dynamics therefore seems to involve a considerable relaxation of the strict criteria extracted from the classical model. The shorter average O¯O distance and longer O-H distance means that the rest positions of the bridging hydrogen atoms are closer to the PES barrier. Proton transfer can occur over distances greater than 2.4 Å and the time delay attributed to the O-H approach frequency seems no longer a set requirement. At the actual point of DPT the heavy skeletal O-C-O and both hydrogen atoms all move simultaneously.
Finally, we comment on the rare and transient SPT events. Our data suggests that the reason for these failed attempts is linked to the absence of the appropriate switch in the C-O/Cv O heavy atom geometry.
D. Deuterium-bridged analogue
For completeness, we also present a study of the cyclic chloroacetic acid dimer in which the bridging hydrogen atoms are substituted for deuterium. The deuterium tunneling rate is expected to be considerably lower than that observed for hydrogen, and so we conducted only a classical dynamics simulation in this case. In the data collection period ͑15 ps͒ double deuterium transfer ͑DDT͒ was observed six times, suggesting a system of slightly higher activity compared to the hydrogen-bridged dimer. However, the transfer events have occurred so infrequently that it is difficult to make reliable comments about the rate without resorting to repeating the dynamics runs or collecting data for significantly longer periods of time.
While the likelihood of tunneling is lower, other changes induced by isotopic substitution may be expected. The geometric isotope effect, whereby hydrogen bond distances expand upon deuteration, is essentially due to ZPC, 42 and this would seem to argue for the necessity of including quantum effects in the dynamics. However, a recent review that examined the body of diffraction data published over many decades concluded that the expansion in O¯O distances ͑of the order 0 -0.03 Å͒ was observed only in short to moderate hydrogen bonds of length between 2.4 and 2.65 Å. 43 The hydrogen bonds in this study are of length greater than 2.7 Å and are therefore unlikely to display a significant effect. In the simulation, the substitution of deuterium for hydrogen resulted in virtually no change in the hydrogen bond parameters, with average O¯O distances of 2.74͑22͒ and 2.73͑24͒ Å for the hydrogen and deuterium-bridged models, respectively. The average O-H and O-D rest distances were identical, at 1.02͑4͒ Å.
Some general comments on the reaction mechanism can be drawn from the six recorded DDT events. The contraction in the O¯O distance prior to deuterium transfer is less pronounced, with all events occurring over distances longer than 2.4 Å, i.e., some 0.05-0.1 Å longer than for DPT. As a consequence it is harder to identify the starting point of the reaction, and it is therefore difficult to identify whether the deuterium transfer occurs after a longer time delay which would be attributed to the lower O -D approach frequency. The time taken for deuterium to move from one side of the hydrogen bond to the other is of a similar magnitude for a proton ͑15 fs͒. Finally, the time delay between the two deuterium atoms passing the midpoints of their respective hydrogen bonds is less than for the hydrogen analogue; however, further work is required to verify this observation.
IV. CONCLUSIONS
We have studied the classical and quantum mechanical reaction mechanism for rare double proton transfer events in the cyclic chloroacetic acid dimer using ab initio molecular dynamics. While the methods used are recognized as state of the art they have important limitations, among the most notable of which are the absence of contributions from excited electronic states and the underestimation of reaction barrier heights arising from the use of functionals which omit important nonlocal exchange and correlation effects. Furthermore, the classical dynamics simulation neglects the vibrational zero-point contribution to the reaction energetics, but we estimate that this may act to largely counteract the error in barrier height.
Under classical conditions the DPT proceeds via a thermal hopping mechanism, facilitated by the O -H oscillator acting in concert with several low energy intermolecular vibrational modes that act to close the donor-acceptor distance, thereby reducing the barrier height. We identify the hydrogen bond bending, stretching, and rocking motions as the most important modes in this regard, and note that the latter causes the O¯O distances to contract in an alternate manner and thus dictates the sequence in which the protons transfer. Following the thermal hop of the first proton, there is a short time delay while the orders of the C-O and C v O bonds on both sides of the hydrogen bond linkage switch, which then permits the second proton to transfer. Substitution of deuterium for hydrogen results in no appreciable difference in the thermally averaged structures. Differences in the mechanism of the transfer reaction seem to exist within our data, with the transfer occurring at longer O¯O distances, and the two bridging atoms appearing to act in a more synchronized fashion.
Modeling the quantum behavior of the atoms by a 10-bead polymer model dramatically altered the reaction pathway and increased the number of DPT events by an order of 5. The criteria observed for DPT under classical conditions are seemingly relaxed, with the two protons transferring in a synchronous fashion over donor-acceptor distances which are typically greater than 2.4 Å, and without the delay attributed to the approach frequency O -H. At the actual point of DPT, the heavy skeletal O-C-O and both hydrogen atoms all move simultaneously. There are also significant changes in the heavy atom geometry, leading to shorter and more centered hydrogen bond linkages that are more akin to the experimental structure. From a structural chemistry perspective this effect is very significant, as we have previously observed that classical ab initio molecular dynamics calculations report slightly longer, more asymmetric hydrogen bonds than measured experimentally. 36 Thus we note that the introduction of a path integral treatment, at even the modest levels reported here, can significantly improve upon the thermally averaged structure.
